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Abstract—InP-based photonic devices on SOI substrate using bonding technologies were demonstrated. 
Direct bonding and BCB bonding enable us to realize high optical confinement DFB lasers and other 
devices for intra/inter-chip connection in Si LSI circuit. Low threshold optical pumped membrane lasers 
and CW-operation of lateral current injection lasers with thin lateral cladding lasers were realized. 
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I. INTRODUCTION 
Photonic devices have given a solution for long-distance and 

high speed communication. Two major components in this 
photonic network are optical fibers and semiconductor lasers, 
which are made by combinations of III-V semiconductors such as 
InP- or GaAs-based materials. III-V semiconductors have variety 
of combinations to generate wide optical wavelength range from 
visible to infrared. More importantly, they can have direct 
bandgap properties to generate photons efficiently compared with 
indirect bandgap materials such as Si and Ge. Several proposals 
to increase emission efficiency of Si-based materials such as 
utilizing quantum effect of nanostructure [1] and impurity doping 
[2] have been proposed. So far, enough optical gain from these 
structures to achieve lasing operation has not been demonstrated. 
Therefore, using III-V materials are dominant way for optical 
devices. 

On the other hand, Si is a major semiconductor material for 
electrical LSI circuits due to its simple material properties. The 
speed of the LSI is getting higher and higher by the reduction of 
device sizes. However, the speed and the power consumption are 
reaching their limits due to transmission time delay caused by 
long total global transmission line distance [3]. To solve this 
problem, many researchers proposed to use optical circuits and 
demonstrated optical devices using Si or silicon-on-insulator 
(SOI) substrates [4-6]. In addition to this, introducing III-V 
materials is crucial to realize high performance active optical 
(photonic) devices such as lasers and amplifiers because of the 
advantages mentioned above. Growing III-V materials directly 
on Si substrates was tried by many researchers for a long time 
and several interesting results were reported [7,8]. However, the 
growth could not be done on amorphous Si or SiO2, which is the 
surface of Si LSI circuits. 

Therefore, to integrate III-V devices on Si, so-called 
heterogeneous integration, wafer bonding technology is a 
practical solution at this moment. In this paper, integration 
technologies and device performance will be reviewed.  

II. WAFER BONDING 
To bond Si and III-V wafers, two methods are carried out, a 

direct bonding method [9, 10] and a benzocyclobutene (BCB) 
bonding method [11]. The direct bonding is the method to bond 
two wafers without any glue. Plasma activated surfaces by N2 or 
hydrophilic surfaces were used. Figure 1 shows the bonding 
strength of two independent Si wafers after the surface activation 
and pressurization under 250 °C as a function of applied pressure.  
The bonding strength of >1 MPa can be achieved. Figure 2 (a) 
shows a SEM image of the bonding interface between SOI and 
InP laser wafers after removing host InP substrate. No air void 
can be observed. For some device configurations, alignment 
between two wafers is required. An infrared (IR) camera in-situ 
monitor system and motorized stages are installed in our high 
vacuum bonding chamber. Figure 2(b) shows IR camera image 
after bonding using in-situ alignment. The accuracy of the 
alignment is less than 3 µm.  By introducing this alignment 
technology, InP and Si wafers can be fabricated separately and 
bonded at a late process. This is important since some process 
parameters such as maximum temperature and choice of metal 
materials are different between Si LSI and III-V processes. 

For wafers which have bumpy surfaces, a wafer bonding 
process by BCB is suitable. The keys to make a smooth bonding 
interface are bonding under low chamber pressure and 
controlling the viscosity of precursor to avoid air voids [12]. 
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Fig.1 Bonding strength after plasma activated bonding under 

250 °C as a function of applied pressure. 
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(a) SEM view 

 

 
(b) Top IR image. A center cross and an outside anchor 

mark are on a top wafer and a bottom wafer, respectively. 
 

Fig.2 Pictures of bonded wafers 

III. LASER PERFORMANCE 
Using the direct bonding technology, GaInAsP/InP DFB 

lasers on an SOI substrate with wire-like active regions have 
been demonstrated [13]. The fabricated device structure is shown 
in Fig. 3. An InP wafer consists of double quantum wells (QWs) 
sandwiched by GaInAsP optical confinement layers (OCLs) on 
an InP host substrate grown by low pressure metal organic 
chemical vapor deposition (MOCVD). QWs were partially 
etched by electron beam lithography and dry etching and the 
etched trenches were filled by InP layer by regrowth to form a 
feedback grating. The active mesa width and the grating period 
are 120 nm and 242.5 nm, respectively. The SOI wafer consists 
of a 200 nm Si layer and a 2 µm SiO2 layer on a Si substrate. 
After bonding, the InP host substrate was wet etched followed by 
formation of 25-µm-wide stripes and metal contacts. 

Figure 4 shows the spectrum under 0.1 % duty pulsed 
condition at room temperature. A side-mode suppression ratio 
(SMSR) of 28 dB at 1.3 times threshold current has been 
achieved. The threshold current was as high as 104 mA at this 
moment due to the wide stripe width. Although the device 
structure had the high index Si layer below the III-V layer, the 
optical confinement factor of the active layers was comparable to 
that of conventional InP-based lasers.  

To reduce the threshold current beyond conventional edge 
emitting lasers, a membrane structure with only a 150-nm thick 
III-V core layer has been proposed. The membrane structure 
consists of the III-V core layer sandwiched by low index 
materials such as SiO2 and BCB as cladding layers. Due to this 
large index difference, this structure gives us ~3 times higher 
optical confinement factor than that of conventional edge 
emitting lasers which have semiconductor cladding layers as 
shown in Fig. 5. By combination of this high optical confinement 
factor and strong grating coupling structures such as the wire-like 

active regions mentioned above and surface corrugation gratings, 
threshold can be further reduced. So far, lasing operation of a 
membrane laser with the surface corrugation grating under 
optical pumping has been demonstrated as shown in Fig. 6 [14]. 
The wavelength of the pumping light was 980 nm. Only 0.34 
mW pumping power was needed to reach threshold for lasing. If 
the absorption coefficient of pumping light in the membrane laser 
was assumed to be 10000 cm-1, the corresponding threshold 
current was estimated to be 24 µA. Experimental and calculated 
lasing spectra are shown in Fig. 7. A stable single-mode 
operation with an SMSR of 35 dB was obtained at the bias of 2 
times threshold power. Since this laser had the surface 
corrugation grating with high index difference, the coupling 
coefficient was estimated to be 4200 cm-1, which was quite larger 
than that of conventional DFB lasers.  
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Fig. 3 The schematic diagram of DFB lasers on SOI. 
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Fig. 4 Spectrum of the fabricated DFB laser. 
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Fig. 5 Schematic diagrams of semiconductor lasers. 
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Fig.6 Lasing characteristics of an optical pumped GaInAsP 
membrane laser.  
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Fig.7 Measured and calculated lasing spectra of the membrane 

laser. The dotted line spectra in the calculation results are spectra 
for higher order transverse modes.  

 
The membrane structure also has an advantage in terms of 

coupling efficiency from lasers to Si wire passive waveguides. 
Figure 8 shows the calculation results of the coupling efficiency 

to a Si wire waveguide from a Si waveguide integrated 
membrane laser and this threshold current density as a function 
of upper Si layer thickness in a SOI substrate. The Si layer 
thickness of conventional SOI wafers for optical waveguide is 
about 200 nm. Therefore, >80% coupling efficiency and <100 
A/cm2 can be expected. As the Si layer thickness increases, the 
coupling efficiency increases, however, the threshold current of 
the lasers also increases due to less optical confinement in the 
active regions of the lasers.  

In this moment, the lasing operation of an optical pumped 
SOI integrated membrane laser has been demonstrated [9]. The 
biggest problem of this membrane structure is that a vertical 
current injection structure, which is used in most of edge emitting 
lasers, cannot be used since the cladding layer materials are 
insulators. Therefore, a lateral current injection structure is 
needed to be introduced. Recently, continuous wave (CW) lasing 
operation of lateral current injection lasers with 400-nm-thick 
lateral cladding layers on semi-insulated (SI) substrate was 
achieved to emulate the membrane laser structures [15]. The 
structure consists of GaInAsP QWs with 150-nm-thick OCLs 
sandwiched by p-InP and n-InP cladding layers laterally using 
photolithography and double regrowth technique. Figure 9 shows 
I-L-V characteristics under CW condition at room temperature. 
The threshold current is 12 mA for 490 µm cavity length and 1.4 
µm stripe width. Although the external differential quantum 
efficiency was as low as 12.5% due to current leakage and the 
electrical resistance was as high as 37 Ω, this can be fixed by 
modifying the materials in the center active region and doping 
profile according to our calculation.  

  
Fig.8 Calculated coupling efficiency to an integrated Si wire 

waveguide and threshold current density of membrane lasers on 
SOI. 
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Fig.9 I-L-V characteristics of the fabricated lateral current 

injection laser. 
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IV. OTHER DEVICES 
The wafer bonding technology can be applicable for other 

photonic devices such as semiconductor optical amplifiers [16] 
and modulators [17]. In addition to this, high index contrast III-V 
wire waveguides can be realized on Si using BCB bonding as 
shown in Fig. 10 [12]. GaInAsP wire waveguides with 150 x 500 
nm2 core surrounded by BCB and SiO2 cladding on Si substrate 
were achieved. The propagation loss was 2.1 dB/mm, which is 10 
times higher than that of Si wire waveguide, however, lower than 
that of other III-V wire waveguides previously reported. Since 
the waveguides have large optical index difference, bending loss 
can be small even at tight bending radius. Similar optical bending 
loss compared with Si-wire waveguides on SOI can be achieved. 
Figure 11 shows the bending loss per 90 degree bend as a 
function of bending radius. Less than 1 dB loss was achieved for 
larger than 1.5µm bending radius. This waveguide could be used 
for not only passive waveguide to connect devices, but also other 
function. By choosing proper materials and waveguide structures, 
very high nonlinear effect can be expected due to high optical 
confinement for wavelength conversion.  

 
 

  
 

Fig. 10 An SEM image of GaInAsP wired waveguide on Si. 
 

 
Fig.11 Bending loss of the fabricated GaInAsP wired wavegide 

as a function of bending radius. 

V. CONCLUSION 
Heterogeneous integration technologies using wafer bonding 

techniques are reviewed. These technologies allow us to realize 
high performance photonic devices on Si and can be integrated 
with electrical LSI circuits.   
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